Although extensive effort has been applied toward understanding the mechanism by which enediynes cleave DNA, a continuous assay for this phenomenon is still lacking. In fact, with the exception of assays for DNase, continuous assays for most DNA cleavage events are unavailable. This article describes the application of ''molecular break lights'' (a single-stranded oligonucleotide that adopts a stemand-loop structure and carries a 5-fluorescent moiety, a 3-nonfluorescent quenching moiety, and an appropriate cleavage site within the stem) to develop the first continuous assay for cleavage of DNA by enediynes. Furthermore, the generality of this approach is demonstrated by using the described assay to directly compare the DNA cleavage by naturally occurring enediynes [calicheamicin and esperamicin), non-enediyne small molecule agents (bleomycin, methidiumpropyl-EDTA-Fe(II), and EDTA-Fe(II]), as well as the restriction endonuclease BamHI. Given the simplicity, speed, and sensitivity of this approach, the described methodology could easily be extended to a high throughput format and become a new method of choice in modern drug discovery to screen for novel protein-based or small molecule-derived DNA cleavage agents.
C alicheamicin ( Fig. 1 ), 1, from Micromonospora echinospora spp. calichensis, is over 1,000 times more potent than doxorubicin, clinically one of the most useful antitumor agents available. A prominent member of the enediyne family, 1 is a premiere example of nature's ingenuity (1) (2) (3) (4) (5) (6) . Of the two distinct structural regions within 1 (7, 8) , the aryltetrasaccharide is composed of a unique set of carbohydrate and aromatic units that site-specifically deliver the metabolite into the minor groove of DNA (9) , whereas the aglycone, or ''warhead,'' consists of a highly functionalized bicyclo [7.3.1] tridecadiynene core structure with an allylic trisulfide serving as the triggering mechanism. Aromatization of the bicyclo [7.3 .1]tridecadiynene core structure, via a 1,4-dehydrobenzene-diradical, results in the sitespecific oxidative double-strand scission of the targeted DNA, and this extraordinary reactivity has sparked considerable interest in the pharmaceutical industry (10, 11) . Whereas extensive effort has been applied to understanding the mechanism by which enediynes cleave DNA, a continuous assay for this phenomenon is still lacking. In fact, with the exception of assays for DNase, continuous assays for most enzymatic and small molecule-catalyzed DNA cleavage events are unavailable.
In our effort to understand calicheamicin biosynthesis, selfresistance, and mode of action (1, 2, 12, 13) , we now report the design and application of a modified hairpin-forming oligonucleotide to continuously assess DNA cleavage by enediynes. The substrate oligonucleotide for these assays is based on ''molecular beacon'' design, a single-stranded oligonucleotide that adopts a stem-and-loop structure and carries a 5Ј-fluorescent moiety and a 3Ј-nonfluorescent quenching moiety (14, 15; Fig. 2a ). The stem design keeps these two moieties in close proximity to each other to provide fluorescence quenching by fluorescence resonance energy transfer (FRET) and, in our design, also includes a DNA-binding recognition sequence for the corresponding cleavage agent (Fig. 2b) . Scission of this stem by the agent leads to immediate separation of the fluorophore-quencher pair and results in a spontaneous fluorescent signal that directly correlates to the extent of DNA cleavage. To delineate the function of these oligonucleotides from molecular beacons, they have been designated ''molecular break lights'' (as in DNA strand ''break''). The general utility of the break light assay is further expanded to provide a direct comparison of the cleavage efficiencies by naturally occurring enediynes ( Fig. 1; 1 and esperamicin, 2), non-enediyne small molecule agents (bleomycin, 3, methidiumpropyl-EDTA-Fe(II), 4, and EDTA-Fe(II), 5), as well as the restriction endonuclease BamHI. The molecular break light assay is advantageous over previous FRET-based DNA cleavage assays in that one can achieve a significantly higher signal to noise ratio (Ϸ40) in comparison with assays based on oligonucleotide pairs (Ϸ2) with a single oligonucleotide substrate (14, 15) . Furthermore, the molecular break light assay exceeds the sensitivity of assays based upon fluorescence correlation spectroscopy Ͼ10-fold, a very sensitive technique that also requires extremely specialized instrumentation (16) . The sensitivity of this assay also rivals the typical discontinuous assay for detection of DNA-damaging agents known as the biochemical induction assay (BIA). Given the simplicity, speed, and sensitivity of this approach, the described methodology could easily be extended to a high throughput format and become a new method of choice in modern drug discovery to screen for novel protein-based or small molecule-derived DNA cleavage agents.
Materials and Methods
Materials. All oligonucleotides used for the described studies were purchased from GIBCO͞BRL. The BamHI endonuclease used in the kinetic studies (10 units͞l Spectrofluorometry. Samples were analyzed with a FluoroMax-2 spectrofluorometer equipped with DataMax for Windows (Instruments SA, Edison, NJ) and the temperature controlled (30°C, unless otherwise noted) by a Haake Circulator DC10. All samples were filtered before analysis and analyzed via a time base scan ( ex ϭ 485 nm, em ϭ 517 nm) in a Suprasil quartz cuvette (10-mm path) fitted with a magnetic stirring bar in a total volume of 2 ml. Reactions were equilibrated to the incubation temperature before initiation of DNA cleavage as was evident by a steady background emission over 10 min. Total cleavage of the labeled oligonucleotide, confirmed by PAGE, was defined as the maximum fluorescence emission possible under saturated cleaving conditions. Emission units were converted to the amount of labeled oligonucleotide used within a procedure, thereby equating labeled oligonucleotide degradation as a function of the emission of fluorescence.
BamHI Digestion. Determination of BamHI-specific cleavage was performed in 10 mM Tris⅐HCl (pH 7.9)͞50 mM NaCl͞10 mM MgCl 2 ͞1 mM DTT with 3.4 nM of break light B and varying amounts of break light B lacking the fluorophore and quenching moieties (0, 3.8, 7.7, 38.5, 77.0, 192.5, and 385 nM) at 37°C. The reaction was initiated with 10 units of BamHI enzyme and monitored over a time course of 15 min. The initial rate of DNA cleavage was determined from data within the first 100 s of initiation, which was then adjusted according to Eq. 1. These adjusted values were used for the reciprocal plot from which the Michaelis-Menten kinetic parameters were determined. analysis gave the slope (k), or rate, which was converted to V by the relationship in Eq. 3. The maximum velocity achieved (V max ) was then selected from the range of concentrations examined.
Bleomycin-Induced Cleavage. Bleomycin-mediated cleavage was adapted from procedures outlined by Giloni et al. (19) . Concentrations of bleomycin (9.5, 19, 47.5, 95, 142.5, and 190 nM) were incubated in 40 mM potassium phosphate buffer (pH 7.5) with 3.2 nM of break light A. The reaction was initiated by the addition of 65 mM Fe(II) and monitored over 5 min. This protocol was repeated with the addition of 5 mM sodium ascorbate to the above conditions. Pseudofirst order kinetic parameters were used to determine the initial velocities at each given bleomycin concentration as previously described. were used to determine the initial velocities at each given agent concentration as previously described.
Results and Discussion
Design and Construction of Molecular Break Lights. We prepared two scission beacons for the experiments described (Fig. 2c) . Break light A was composed of a 10-base-pair stem that contained the known calicheamicin recognition sequence 5Ј-TCCT-3Ј (7), whereas break light B carried the BamHI endonuclease recognition sequence 5Ј-GGATCC-3Ј (21, 22) . The length of break light B also considered the requirement of a 3-base-pair overhang required for BamHI recognition, and the stem of break light A was adjusted to a comparable length and melting temperature (22, 23) . The loop of both probes consisted of a T 4 loop to ensure nonhybridizing interactions. The 5Ј-fluorophore of both probes was fluorescein (FAM, absorbance max ϭ 485 nm, emission max ϭ 517 nm), whereas the corresponding 3Ј-quencher was 4-(4Ј-dimethylaminophenylazo)benzoic acid (DABCYL). Previous studies have shown DABCYL to serve as a universal quencher in molecular beacons, and there is significant spectral overlap (1.02 ϫ 10 Ϫ15 M Ϫ1 ⅐cm 3 ) between the emission spectrum of FAM and the absorption spectrum of DABCYL. In a typical molecular beacon, the quenching efficiency of this pair via FRET has been shown to be essentially complete (99.9%), providing a significant enhancement of the signal to noise ratio as compared with typical complementary oligonucleotide pair FRET-based assays (14, 15) .
Enzymatic Cleavage as Proof of Principle. The first test was to demonstrate the specificity of the designed scission beacons via enzymatic cleavage. Specifically, only break light B should cleave in the presence of the restriction endonuclease BamHI, whereas both A and B should be digested by the nonspecific nuclease DNaseI. As anticipated, Fig. 3a reveals a time-dependent and [BamHI]-dependent increase of fluorescence only with B, whereas A shows no change at 37°C. Fig. 3b illustrates an increase of fluorescence over time with either break light A or B when digested with DNaseI, which is also [DNaseI]-dependent. In comparison, control samples containing break lights alone or break lights in the presence of BSA gave no change in fluorescence over Ͼ2 h at 37°C. Given the lack of fluorescence in the absence of enzyme, the designed break lights show no appreciable melting at the designated assay temperature. Furthermore, these experiments clearly demonstrate the specificity of cleavage by BamHI for B and, for the first time, illustrate the principle application of molecular break lights to assess DNA cleavage.
Interestingly, the fluorescence maximum intensity obtained upon complete BamHI cleavage was only 75% that observed in the presence of DNaseI at the same concentration of molecular break light. Furthermore, after the BamHI reaction was complete, the addition of BamHI showed no change, whereas the addition of DNaseI resulted in additional cleavage to give the expected 100% fluorescence maximum. This observation suggests the polyguanidine tail left attached to FAM upon BamHI digestion quenches the fluorescent signal by Ϸ25%. Consistent with this finding, PAGE analysis of the reaction products confirmed the presence of a 3-base overhang after excess treatment with BamHI, which is completely degraded upon DNaseI digestion. As a result, the fluorescence maximum observed with excess BamHI was designated 100% cleavage for the BamHI kinetic studies described below.
BamHI Steady-State Kinetic Determination and Sensitivity Limits.
Although continuous assays for nonspecific nucleases have been based upon ⌬A 260 as a function of cleavage of generic chromosomal DNA (e.g., sonicated herring sperm DNA) (24) , only a few examples of continuous restriction endonuclease assays have been reported (25) (26) (27) (28) (29) . Thus, most restriction endonuclease steady-state kinetic determinations have relied upon discontinuous assays using radioactive DNA probes, electrophoresis, and subsequent phosphoimager analysis (22, 23, (30) (31) (32) . To demonstrate the utility of molecular break lights for this application, we determined the steady-state kinetic parameters for a commercially available BamHI. In our assay, the dependence of BamHI hydrolysis on substrate concentration was investigated using mixtures of a fixed amount of break light B and varying amounts of an analogous nonlabeled oligonucleotide (lacking both FAM and DABCYL) over a wide substrate concentration range. The apparent competitive inhibition observed because of the phenomenon of ''carrier dilution'' was corrected to give the appropriate kinetic parameters as previously described (32) .
As illustrated in Fig. 4a , the velocity curves decrease with an increase in initial substrate concentration, although the true velocity has actually increased because of the carrier dilution by the nonlabeled oligonucleotide. The observed velocity (V app ) is related to the actual velocity (V act ) by Eq. 1, where [S act ] and [S*] are the total substrate concentration and break light B concentration, respectively. The reciprocal plot after correction for this phenomenon is illustrated in Fig. 4b . From Fig. 4b , the determined K m ϭ 8.9 Ϯ 0.5 nM and V max ϭ 0.024 Ϯ 0.001 nM s Ϫ1 . Although these values differ slightly from previously reported values for BamHI of K m ϭ 0.4 nM and V max ϭ 0.009 nM s Ϫ1 (21), kinetic parameters of restriction endonucleases vary significantly depending upon the oligonucleotide substrate (32) . It should be acknowledged that our examination of three different commercial sources of BamHI (Promega, New England Biolabs, and GIBCO͞BRL) gave markedly distinct specific activities (ranging roughly an order of magnitude). Thus, the differences in our reported kinetic parameters could also simply reflect distinctions in the enzyme preparation and͞or commercial assay buffers. Most important, the utility of molecular break lights to assess the kinetic parameters of enzymatic DNA cleavage has been demonstrated. Furthermore, it is expected this approach could be directed toward any endonuclease by simply changing the recognition sequence found within the molecular break light stem.
A recent fluorescence correlation spectroscopy assay for the restriction endonuclease EcoRI using 0.8 nM of dual fluorophoric-labeled dsDNA and a highly specialized fluorescence correlation spectrometer reported a detection limit of 1.6 pM EcoRI (16) . Under the conditions containing even slightly less oligonucleotide (0.68 nM molecular break light), cleavage was easily detectable to 3.7 pM BamHI. Furthermore, because of significantly low signal to noise of this assay, increasing the molecular break light concentration (34 nM) lowered the detection limit into the fM range (0.12 pM BamHI).
Enediyne-Catalyzed Cleavage. Previous assays for enediyne cleavage of DNA relied upon discontinuous assays using radioactive DNA probes, electrophoresis, and subsequent phosphoimager analysis (3). In contrast, by using break lights one can directly follow the extent of DNA cleavage by a specific enediyne in real time with high sensitivity. To demonstrate, Fig. 5 illustrates enediyne concentration-dependent cleavage of break light A with either 1 or 2 in the presence of excess reductive activator DTT. Under the conditions described, this assay allows the detection of 1 in the pM range. This sensitivity compares to that of the BIA, the method of choice in detecting DNA-damaging agents (33) . Also, the sensitivity can be significantly enhanced by simply increasing the concentration of the molecular break light in the assay as demonstrated with the iron-dependent agents. The observed maximum fluorescence obtained upon cleavage of 3.2 nM break light A with either 1 or 2 was identical to that observed with DNaseI, consistent with complete degradation of the oligonucleotide. As controls, incubation of molecular break light A with either DTT or enediyne alone revealed no change in fluorescence. Furthermore, although there is some debate regarding the ''specificity'' of 1, break light B was cleaved by 1 at an identical rate. This supports the view that the specificity of 1 is more dependent upon context and perhaps less so on DNA sequence (1-7). It should also be noted that 1 leads to predominately double-stranded cleavage, whereas 2 provides single-stranded nicks, and the current molecular break-light assay cannot distinguish these two phenomena.
Interestingly, two distinct rates were observed in the enediyne molecular break-light assay. The first (0-50 s) is a lag time most likely attributed to the enediyne activation (34, 35) , whereas the second (50-200 s) is indicative to the initial velocity of DNA cleavage. To confirm this, assays were also established in which DTT and enediyne were first preincubated for 1-5 min followed by initiation via the addition of the substrate oligonucleotide. In these preincubation experiments, the previously observed ''lag time'' attributed to activation was no longer evident, whereas the initial velocity of DNA cleavage was identical to that determined in the standard assay. Preincubation for longer periods (Ͼ30 min) revealed the same phenomenon, suggesting ''activated'' enediynes are perhaps more stable in an aqueous aerobic environment than previously estimated (1-7).
Cleavage Catalyzed by Fe(II)-Dependent Agents. To further demonstrate the utility of molecular break lights, we investigated the ability to assess DNA cleavage catalyzed by Fe(II)-dependent agents. The agents selected include the natural metabolite from Streptomyces verticillus, bleomycin (Fig. 1, 3) , and two DNA-footprinting reagents, MPE-Fe(II) (Fig. 1, 4) and EDTA-Fe(II) (Fig. 1, 5) . Although the precise mechanism of DNA cleavage by 3 is still controversial (36), 4 and 5 cleave DNA via the generation of diffusable hydroxy radicals, which ultimately contribute to oxidative DNA cleavage. Of these three, 3 also contains a strong minor groove-binding constituent, whereas 4 carries a DNA intercalator. As with the previous enediyne assays, reported assays for cleavage by these agents have all relied upon discontinuous systems; thus, molecular break lights should present an obvious advantage. Fig. 6 illustrates agent concentration-dependent cleavage of break light A. Under the conditions described, this assay allows the detection of 3 in the nM range, which represents a slight increase in sensitivity over the BIA (32) and reiterates the power of this assay to detect the production of naturally produced DNA-damaging agents. To increase the sensitivity for the less efficient reagent 5, oligo concentration was increased 10-fold (32 nM; Fig. 6D ). As a comparison, 4 was also examined at this higher molecular break light concentration (Fig. 6C) . Finally, although ascorbate is critical for efficient DNA cleavage by 4 and 5, the addition of ascorbate did not affect DNA cleavage by 3. Table 1 in a somewhat unconventional attempt to correlate the cleavage efficiencies of this highly diverse group of DNA cleavage agents, where 4, assayed at both concentrations of oligonucleotide, serves as the common agent in both sets. Table 1 suggests the addition of an intercalator (4) to the Fe(II)-chelation domain enhances the cleavage efficiency almost 10 3 -fold in comparison to Fe(II)-EDTA (5) , and the addition of a specific minor groove binder (3) increases this efficiency an additional 10-fold. Although the cleavage efficiencies of 1 and 2 are nearly identical, the near 10-fold enhancement over 3 may be attributed to direct hydrogen abstraction (versus diffusable active radical species formed from iron-dependent agents) in the formation of the DNA backbone radicals, which ultimately lead to oxidative cleavage. Most important, Table 1 illustrates that these spectacular enediynes are as efficient as an enzyme as the k cat of BamHI is identical to the observed maximum turnover of 1. 
Conclusions
There are a few reports of the application of FRET to assay enzymatic cleavage using a fluorescent-modified oligonucleotide͞unlabeled oligonucleotide complement pair (25) (26) (27) (28) (29) . One limitation of these early efforts, however, was often the significant background fluorescence as a result of poor fluorescence quenching by the hybridizing strand. Molecular break lights present some obvious advantages to these previous applications. First, quenching is intramolecular and complete, which eliminates the need for a second oligonucleotide and completely removes undesired background fluorescence. The presented studies also clearly reveal that the molecular break light assay has very broad utility. Furthermore, the sensitivity of this unique assay rivals the typical discontinuous BIA assay for detection of DNA-damaging agents and exceeds the sensitivity of assays based upon fluorescence correlation spectroscopy Ͼ10-fold, a very sensitive technique that also requires extremely specialized instrumentation. Given the simplicity, speed, and sensitivity of this approach, the described methodology could easily be extended to a high throughput format and become a new method of choice in all applications that require an assay for DNA cleavage.
Note Added in Proof. FRET-based assays have also recently been reported for ribozyme-catalyzed RNA cleavage (38) and DNase-I-catalyzed single-stranded DNA cleavage (39). 
